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The -Thymosin/WH2 Domain: Structural
Basis for the Switch from Inhibition to
Promotion of Actin Assembly
ics of G actin association/dissociation at filament ends.
Some of these proteins bind specifically to the barbed
or the pointed end of filaments and affect actin associa-
tion/dissociation at those ends. Other proteins associ-
ate with G actin in a complex whose polymerization
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properties differ from those of G actin at one or the otherand Marie-France Carlier1,*
end of the filament. Two types of regulators of actin1Dynamique du Cytosquelette
dynamics belong to the latter class. Proteins of theLaboratoire d’Enzymologie
-thymosin family act as G actin sequesterers. Theyet Biochimie Structurales
bind G actin in a complex (see Safer and Nachmias,2 Chimie et Biologie Structurales
1994, for review) that polymerizes neither at the barbedInstitut de Chimie des Substances Naturelles
nor at the pointed end of the filament. Profilin binds G3 Biochimie et Virologie Structurales
actin, too, but acts differently. The actin-profilin complexLaboratoire d’Enzymologie
does not polymerize at the pointed ends but associateset Biochimie Structurales
productively to barbed ends (the rapidly polymerizing4 De´veloppement
end). Thus, profilin enhances actin assembly at barbedEvolution et Plasticite´ du Syste`me Nerveux
ends, generated in motile processes like those at theInstitut Alfred Fessard
leading edge of migrating cells (Pantaloni and Carlier,Centre National de la Recherche Scientifique
1993). This unique property accounts for the role of91198 Gif-sur-Yvette
profilin in Dictyostelium development and motilityFrance
(Haugwitz et al., 1994), in developmental processes in
Drosophila (see Hudson and Cooley, 2002, for review),
and in enhancing propulsion of Listeria and ShigellaSummary
(Loisel et al., 1999), all of which require rapid actin poly-
merization.The widespread -thymosin/WH2 actin binding do-
The actin binding motif of -thymosins is also found inmain has versatile regulatory properties in actin dy-
various modular proteins, where it is called WH2 (WASPnamics and motility. -thymosins (isolated WH2 do-
Homology 2 ) domain, because it was first recognizedmain) maintain monomeric actin in a “sequestered”
in proteins of the WASP (Wiskott-Aldrich Syndrome Pro-nonpolymerizable form. In contrast, when repeated in
tein) family. These include WASP, N-WASP, severaltandem or inserted in modular proteins, the -thy-
Scar/WAVE variants, and WIP (WASP-Interacting Pro-mosin/WH2 domain promotes actin assembly at fila-
tein, homolog of yeast verprolin). So far, the WH2 domainment barbed ends, like profilin. The structural basis
has been identified in 38 proteins from yeast to manfor these opposite functions is addressed using cibou-
(Van Troys et al., 1999; Paunola et al., 2002), includinglot, a three -thymosin repeat protein. Only the first
Srv2p/CAP (cyclase associated protein) (Freeman et al.,repeat binds actin and possesses the function of ci-
1995; Freeman and Field, 2000; Vojtek et al., 1991; Ben-boulot. The region that shows the strongest interac-
lali et al., 2000; Barrero et al., 2002; Hubberstey andtion with actin is an amphipathic N-terminal  helix,
Mottillo, 2002) and recently in a protein called MIMpresent in all -thymosin/WH2 domains, which recog-
(missing in metastasis; Mattila et al. 2003; Woodings etnizes the ATP bound actin structure and uses the shear
al., 2003), all of which are associated with actin-basedmotion of actin linked to ATP hydrolysis to control
motile processes. Some of these proteins consist of two
polymerization. Crystallographic (1H, 15N), NMR, and
or more -thymosin repeats. Actobindin from Acantha-
mutagenetic data reveal that the weaker interaction moeba has two repeats (Vancompernolle et al., 1991),
of the C-terminal region of -thymosin/WH2 domain ciboulot from Drosophila has three repeats (Boquet et
with actin accounts for the switch in function from al., 2000), the homolog protein in C. elegans has four
inhibition to promotion of actin assembly. repeats (Van Troys et al., 1999), and Csp24 from Hermis-
senda crassicornis has five repeats (Crow et al., 2003).
Introduction In spite of their sequence similarity with -thymosin,
ciboulot and actobindin display a profilin-like function,
The directed assembly of actin filaments is critical for i.e., they promote barbed end actin assembly while in-
cell migration during processes such as oogenesis, tis- hibiting pointed end growth (Boquet et al., 2000; Hertzog
sue morphogenesis and repair, embryonic develop- et al., 2002). Accordingly, actobindin localizes in motile
ment, and immune response. Large changes in cell regions of Acanthamoeba (Bubb et al., 1998), ciboulot
shape are generated by massive polymerization of actin is involved in Drosophila brain morphogenesis, and
in response to environmental signals. To orchestrate Csp24 is involved in short-term memory. Profilin rescues
these various motile events, the [F actin]/[G actin] ratio Cib mutants and restores axonal growth in Drosophila
and the rate of actin assembly are controlled. These central brain (Boquet et al., 2000). The profilin-like func-
controls are exerted by proteins that modulate the kinet- tion of the WH2 domain is found in some other proteins
(Vojtek et al., 1991; Higgs et al., 1999; Egile et al., 1999;
Benlali et al., 2000; Mattila et al., 2003).*Correspondence: carlier@lebs.cnrs-gif.fr
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To understand the basis for the switch of a G actin In contrast with D1, domains D2 and D3 did not bind
binding domain from an assembly-inhibiting to an as- actin with a significant affinity (KD2,D3  100 M), in
sembly-promoting function, we have combined a bio- spite of 50%–65% sequence identity with T4 and D1.
chemical functional approach with a structural ap- D2 and D3 did not affect actin-NBD fluorescence nor
proach, using ciboulot as a model. We show that only cause a decrease in the fluorescence of the D1-NBD-
the first domain (D1) of ciboulot interacts with actin and actin complex that would reflect the replacement of D1
possesses the biochemical and motile activities of the by D2 or D3 in a low fluorescence complex. Up to 100
full-length protein. A model of the complex of actin with M, D2 and D3 did not affect actin assembly at either
thymosin 4 (T4, the major variant of -thymosins) is end of the filament.
derived from the crystal structure. The model clarifies To confirm that D1 can functionally replace ciboulot
how these proteins recognize the “closed” ATP bound in axonal growth, the effect of D1 on actin-based propul-
structure of actin. Mutagenesis of T4 and 15N-NMR sion of N-WASP-coated beads was evaluated in a biomi-
analysis of actin-T4 and actin-D1 complexes reveal metic motility assay (Wiesner et al., 2003). This assay
that assembly-inhibiting and assembly-promoting pep- reconstitutes the actin-based process that promotes
tides bind essentially identically to actin. The strength axonal growth. D1 enhanced motility like ciboulot did
of interaction of their C-terminal region with actin solely (Table 1).
determines whether they prevent or allow the pointed In conclusion, D1 recapitulates both the actin assem-
end of the actin molecule to associate with the barbed bly-promoting and the related motile properties of ci-
end of a filament. boulot. The D1 domain of actobindin is also likely to be
responsible for the profilin-like function of that protein
Results (Bubb et al., 1991). Thus, sequence differences in T4
and D1 are responsible for the different functions of T4
The First -Thymosin Repeat of Ciboulot Displays and ciboulot.
the Profilin-like Activities of Full-Length Ciboulot
in Actin Assembly and in Actin-Based Motility Thymosin 4 Is Converted into an Actin Assembly-
Actobindin and ciboulot contain two and three -thy- Promoting Protein by Point Mutagenesis
mosin repeats, respectively, yet do not sequester actin Point mutagenesis of T4 was used to determine the
like single-motif-thymosins. Rather, their complex with main sequence elements that were responsible for the
G actin participates exclusively in filament assembly at switch of the -thymosin/WH2 domain from an actin-
barbed ends. To determine whether this distinct function sequestering to an actin assembly-promoting function.
of single or multiple motif proteins is linked to the repeat The approach was based on available biochemical data
of the motif or to sequence differences, the actin binding and NMR analysis of actin bound 15N-labeled T4 (Do-
and actin-assembly properties of the isolated domains manski et al., 2004). Mutagenesis focused on the central
D1, D2, and D3 of ciboulot, defined by sequence align- region, which contains the consensus actin binding mo-
ment (Boquet et al., 2000; Paunola et al., 2002; Figure tif (17LKKTETQEK25), and on the C-terminal region (resi-
1A), were analyzed. Binding of D1 to MgATP-G-actin dues 35–40), which folds in an  helix (Domanski et al.,
was monitored by the increase in fluorescence of NBD-
2004) that interacts with subdomain 2 to cap the pointed
labeled actin. The D1 domain of ciboulot bound G actin
end of actin (De La Cruz et al., 2000). NMR data indicate
with an equilibrium dissociation constant of KD1  1.5 that the most important residues in these two regions
M at low ionic strength (Figure 1B). No binding of D1
are T20, E21, E35, and Q36 of T4, to which Ala or Serto MgADP bound actin was detected. The kinetics of
correspond in D1.D1 binding to G actin were analyzed using a stopped-
Five mutants of T4 were expressed and purified (Fig-flow apparatus. Values of apparent association and dis-
ure 2A): T20A (m1), T20E21/AS (m2), E35Q36/AA (m3),sociation rate constants of 1.2M1.s1 and 9.1 s1 were
T20A-E35Q36/AA (m4), and T20E21/AS-E35Q36/AA (m5).found (Figure 1C). D1 slowed down nucleotide exchange
The effect of the mutations on the function of T4 wason G actin by 6-fold. A value of 2.4 M was derived for
assayed in F actin measurements (Figure 2B) and inKD1 from the exchange kinetics (Figure 1D). In conclu-
filament growth assays (Figure 2C). Mutants m1, m2,sion, D1 selectively recognizes actin-ATP with the same
and m3 kept the pure G actin sequestering activity ofcharacteristics as ciboulot or T4 (De la Cruz et al.,
T4, with lower affinity for G actin than T4 (Kd  7–102000; Hertzog et al., 2002).
M versus 1.5 M for T4). In contrast, mutants m4 andG actin sequestering proteins like T4 prevent actin
m5, mutated in both central and C-terminal regions,assembly at both ends of the filament, while profilin
formed a complex with actin that participated exclu-or ciboulot prevent assembly only at the pointed end.
sively in barbed end assembly, like D1. The rate con-Hence, the possible functions of D1 can be distin-
stants for association of the actin-D1, actin-m4, andguished by monitoring its effects on the steady-state F
actin-m5 complexes to barbed ends (k) and the criticalactin levels when barbed ends are free or capped and its
concentrations (Cc) for filament assembly from theseeffects on filament growth rates at barbed and pointed
complexes were derived from kinetic measurementsends. In these assays, D1 depolymerized gelsolin-
(Figure 2D). Actin-D1 (k  5.5 M1.s1, Cc  0.15 M)capped filaments but did not depolymerize filaments
was very similar to actin-profilin (k  7 M1.s1, Cc when barbed ends were free (Figure 1E). The actin-D1
0.2 M) (Gutsche-Perelroizen et al., 1999). The actin-m4complex did not participate in pointed end growth but
and actin-m5 complexes also polymerized at barbedsupported barbed end growth almost as efficiently as
ends, more slowly and with higher critical concentra-G actin (Figure 1F). Hence, D1 regulates actin assembly
like ciboulot, not like T4. tions than actin-D1 (k  3–4 M1.s1, Cc  0.8 M)
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Figure 1. The First -Thymosin Domain of
Ciboulot Binds G Actin and Promotes Actin
Assembly at Barbed Ends like Full-Length
Ciboulot
(A) Sequence alignment of the three domains
of ciboulot with T4. The consensus actin
binding motif is highlighted.
(B) Change in fluorescence of NBD-labeled
actin-MgATP (1.5 M) upon binding D1. The
best fit binding curve is calculated with KD1 
1.5 M.
(C) Pseudo first order plots of the apparent
rate constant kobs for binding of D1 to NBD-G-
actin (1.5 M) mixed with D1 at the indicated
concentrations. The slope gives the value of
k, and the ordinate intercept gives the value
of k.
(D) D1 slows down nucleotide exchange on
G actin. ATP-G-actin (1 M) was in G buffer
containing no ATP, 20 M CaCl2, and D1 as
indicated at 20C. At time zero, 10 M 	-ATP
was added. The apparent rate constant kexch
was derived from the exchange time course.
(E) D1 sequesters actin only when barbed
ends are capped. F actin (1.6 M, 10% pyre-
nyl labeled) with free barbed ends (open cir-
cles) or gelsolin-capped barbed ends (closed
circles) was supplemented with D1 as indi-
cated. Linear depolymerization observed
when barbed ends are capped is consistent
with a value of KD1 of 7 M for the actin-D1
complex. The dashed line is calculated using
the same value of KD1, assuming D1 seques-
ters actin when barbed ends are not capped.
(F) D1 inhibits pointed end growth by seques-
tering G actin but fails to inhibit barbed end
growth. The initial rate of filament growth off
spectrin-actin seeds (open circles) or gel-
solin-actin seeds (closed circles) was mea-
sured in the presence of 2.5 M MgATP-G-
actin and D1 as indicated. The growth rate in
the absence of D1 is set to 1.
(see Supplemental Table S1 at http://www.cell.com/cgi/ the corresponding residues of D1 suffices to convert the
G actin-sequestering T4 into a protein that enhancescontent/full/117/5/611/DC1 for all parameter values).
Consistent with biochemical data, mutant m5 enhanced actin-based motility like D1 or profilin. The mutations
shift the function of T4 to a stage close to D1.actin-based motility to a slightly lower extent than D1
(Table 1), while T4 did not affect motility (Boquet et
al., 2000). Crystal Structure of the Actin-Ciboulot Complex
X-ray crystallography was used to determine the struc-In conclusion, changing residues T20, E21, E35, and
Q36 of the central and C-terminal regions of T4 into ture of the actin-ciboulot complex. Actin was stabilized
Table 1. Ciboulot, D1, and the T4 Mutant m5 Enhance Actin-Based Motility
Average Velocity, Number of
Added Protein Concentration, M m.min1 Measurements
None — 0.67 
 0.25 18
Profilin 2.4 3 
 0.4 21
Ciboulot 3 1.6 
 0.3 17
Cib-D1 2 1.4 
 0.3 12
Mutant-m5 3 1.25 
 0.15 11
N-WASP-coated polystyrene beads (2 m in diameter) were prepared and placed in the standard reconstituted motility medium containing
8 M actin, 5 M ADF, 50 nM gelsolin, and 50 nM Arp2/3 complex and the proteins as indicated. Actin-based propulsion was monitored in
the phase contrast microscope. The velocity of beads in the stationary regime was measured as described (Wiesner et al., 2003).
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Figure 2. Conversion of Thymosin 4 into an
Assembly-Promoting Protein by Point Muta-
genesis
(A) Sequence alignment of T4, D1, and mu-
tated T4. D1 residues correspond to T4
residues with a 13 number shift.
(B) Steady-state measurements of F actin in
the presence of wild-type and mutated T4.
Conditions as under Figure 1E. Open circles:
free barbed ends; closed circles: gelsolin-
capped filaments. Green: wild-type T4; blue:
m2 mutant; red: m5 mutant. Dashed lines are
calculated assuming sequestration at the
barbed ends (as under Figure 1E).
(C) Inhibition of barbed and pointed end
growth by wild-type and mutated T4. Condi-
tions as under Figure 1F. Colors and symbols
as under (B) above.
(D) Concentration dependence of the rate of
barbed end growth, V from free G actin (black,
closed circles), actin-profilin (dashed, from
Gutsche-Perelroizen et al. [1999]), G-actin-D1
(black, open circles), G-actin-m5 (red), G-actin-
T4 (green). Data very similar to those ob-
tained with m5 were recorded with m4.
in the monomeric state by Latrunculin A. Data collection binding protein (Otterbein et al., 2002). Second, residues
F25–S34, which comprise the consensus actin bindingand refinement statistics are summarized in Table 2.
The overall structure of actin-ciboulot complex (Figure sequence of T4, contact actin in an extended confor-
mation (Figure 3C). Although the sidechains of residues3A) shows that most actin residues are in clear electron
density, except five N-terminal amino acids and the K29 and K31 in the conserved sequence 29KLK31 are
disordered, electrostatic interactions are likely to existDNase I binding loop (G42–K50, representing 21% of
actin subdomain 2). Although MgATP was initially in the between D24 and D25 at the negative surface of actin
and these residues (Figure 3C). The main chain of K31solution and bound to actin, the nucleotide bound to
the complex is ADP. Yet the structure of the actin moiety establishes hydrogen bonds with actin residues G23
and D25, and L30 is clamped between an  helix andis very similar to that of actin-ATP (rmsd: 0.68 A˚). Thus,
compared to that of actin-ATP, the actin structure was a loop.
Actin has been proposed to exist in equilibrium be-not greatly affected by the interaction with ciboulot.
On the ciboulot side of the complex, only amino acids tween two different 3D structures, an ATP bound struc-
ture called the “closed” state and an ADP bound struc-10–34 of domain D1 were visible, while the C-terminal
region (residues 35–58) as well as domains D2 and D3 ture called the “open” state, because the -phosphate
binding loops are farther apart than in the closed struc-remained disordered. A 1667 A˚2 surface area (within the
range for protein-protein complexes; Lo Conte et al., ture (Sablin et al., 2002). The structure of actin in the
complex with ciboulot is very similar to the closed struc-1999) is buried at the contact between actin and D1.
The structure of actin bound D1 can be divided into two ture of actin-ATP. As described by Sablin et al. (2002),
when one superimposes C atoms of residues in subdo-parts. First, residues D10–F25 form an amphipathic 
helix that binds in the groove—or shear zone—between main 3 (residues 150–180) and subdomain 4 (residues
181–273) of the open structure of actin (Chik et al., 1996)subdomains 1 and 3 of actin at the barbed end of the
molecule (Figure 3B). Hydrophobic amino acids of D1 onto the corresponding atoms of the closed structure
(rmsd of 0.9 A˚), steric clashes occur between actin sub-support the major interaction of this amphipathic  helix
with a hydrophobic patch of actin (see Figure 3B for domain 1 of the open structure and the N-terminal 
helix of D1 (Figure 3D). This result provides a structuraldetails), as observed with the corresponding  helix in
gelsolin segment 1 (McLaughlin et al., 1993) or vitamin D explanation for the fact that ciboulot does not bind well
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to actin. Only residues 2, 3, and the three C-terminalTable 2. Crystallographic Data: Data Collection and Refinement
residues 56, 57, and 58 are not immobilized. The globalStatistics
interaction of the m5 peptide with G actin is not affected
Data Collection Statistics
by the mutations (Figure 4B). The 17 N-terminal residues
Space group P212121 of actin bound m5 were in the same environment as
Unit cell (A˚) a  67.3, b  75.2, c  85.3 those of actin bound T4. The local shifts resulting from
      90 the mutation of residues E35 and Q36 into alanines ex-
Resolution (A˚) 50  2.5
tended from E32, which was strongly affected, to K38.Number of reflections 15490
However, the backbone NH resonances of the extremeCompleteness (%) 99.9
Redundancy 5.9 C-terminal region (residues 40–43) remained unchanged,
Rsymb (%)a 0.09 (0.311) indicating that the C-terminal region of m5 still interacts
I/(I)a 20.8 (4.9) with actin. The possibility that mutations of residues E35
Refinement Statistics and Q36 prevent its binding to subdomain 2 is dismissed
Resolution 20  2.5
by the present data.Rc (%)a 21.83 (30.6)
On the other hand, sequence differences betweenRfree (%)a 27.7 (37.9)
Number of atoms 3011 sequestering and assembly-promoting peptides corre-
Mean B factor (all atoms) (A˚2) 38.6 late with a change in the strength of interaction of the
Rms. deviations from ideality C-terminal region of these peptides with actin. This was
Bond lengths (A˚) 0.007 shown by recording the effect of temperature on HSQC
Bond angles () 1.4
spectra of actin-T4 and actin-D1 (Figures 4C and 4D).Sigmaa coordinate error (A˚) 0.29
While the spectrum of actin-T4 remained unchanged
a The number in parentheses is the value in the 2.54–2.5 A˚ resolu- from 283K to 308K, testifying to the stability of the
tion shell.
complex, the spectrum of actin-D1 was significantly al-b Rsym  j|Ij  I|/|I| where Ij is the jth intensity measure-
tered. At 308K, ten backbone resonances of the com-ment for a reflection and I is the mean intensity for multiply
plex disappeared, and 12 additional resonances wererecorded reflections.
c R  ||Fobs|  |Fcalc||/|Fobs| for F  2.5 . Rfree is calculated strongly attenuated. Thus, 40% of D1 interacts more
with 10% of the reflections, which are not included in the refinement. weakly with actin than with the rest of the peptide. This
15413 reflections were included in the refinement. change was fully reversed when temperature was
brought back to 298K. To establish that the resonances
that disappear or become weaker upon increasing tem-
perature correspond to residues in the C-terminal regionto actin-ADP (Hertzog et al., 2002) like T4 (Carlier et
of D1, the temperature shift experiment was performedal., 1993) and the WH2 domain of N-WASP (Le Clainche
using D1 that was selectively 15N labeled on threonineset al., 2003). Hence, although actin bound ATP was hy-
35, 43, and 52, all in the C-terminal region. T35 and T43drolyzed following crystal formation, ciboulot kinetically
are conserved in T10 (Domanski et al., 2004). Upontrapped actin in the ATP bound state and blocked the
increasing the temperature, those resonances attributedrotation of the two domains of actin around the shear
to T35 and T43 were strongly attenuated, while the thirdzone, preventing opening of the nucleotide binding cleft.
resonance, attributed to T52, disappeared (see Supple-This effect correlates with the inhibition of nucleotide
mental Figure S1A at Cell website).exchange by -thymosin/WH2 domains (Safer and
That the N-terminal and C-terminal residues of D1Nachmias, 1994; Le Clainche et al., 2001; Mattila et
react differently upon increasing the temperature wasal., 2003).
confirmed by performing the temperature shift using D1
that was selectively 15N labeled on lysines (K9, K13, K19,NMR Analysis of the 3D Structure of the Actin-
K29, K31, K38, and K51). Only four of the seven lysinesWH2 Domain Complex in Solution
of D1 showed attenuated resonances at 308K, two of1H, 15N NMR was used to characterize actin binding
them almost disappearing. The most likely interpretationdynamics of wild-type T4, mutated m5 peptide
is that K29, K31, K38, and K51 interact more weakly with(T20E21/AS, E35Q36/AA), and D1 domain of ciboulot.
actin and that K38 and K51 show the weakest interactionIsotopic 15N labeling of peptides allows the selective
(Supplemental Figure S1B). Remarkably, at 298K, theanalysis of the chemical environment of the amide nitro-
resonances of K31 and K38 were similar to those of thegens and protons of these peptides in the presence or
corresponding K18 and K25 in the consensus 17LKKTETabsence of unlabeled G actin. The spectra of free D1 or
QEK25 motif of T4 and belong to a region of the HSQCm5 in aqueous solution showed a poor dispersion of
spectra characteristic of an extended configuration ofthe amide proton resonances of D1 and m5 (Figure 4A,
this motif in actin bound D1 as well as actin bound T4B). Hence, the free peptides are unfolded, like T4
(Domanski et al., 2004).(Czisch et al., 1993; Domanski et al., 2004) and ciboulot
(J.C., unpublished data). In contrast, when D1 or m5
peptides were in complex with G actin, the 1H-15N HSQC Discussion
NMR spectra were typical of folded proteins.
The large spreading of the resonances of D1 upon The results described here provide insights into the evo-
lution of the regulatory function of -thymosin/WH2 do-binding to actin demonstrates that, as in the case of
T4, most of the residues of actin bound D1 are in a main in actin-based motile processes. Crystallographic,
NMR, and mutagenesis data outline how different re-structured environment. The electronic environment of
at least 48 residues of D1 is modified upon binding gions of WH2 domains contribute to actin binding and
Cell
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Figure 3. Crystal Structure of the Actin-
Ciboulot Complex
(A) Ribbon representation of the structure of
actin-Latrunculin A in the MgATP bound
closed state (red) in complex with ciboulot
(blue) showing the N-terminal  helix (resi-
dues 10–25) of D1 in the groove between sub-
domains 1 and 3 and the stretch of residues
25–34 on subdomain 1. Latrunculin A is in
green, ADP and chelated Mg2 ion in purple.
(B) Detail of the interaction of the N-terminal
 helix D10–F25 of D1 with actin residues
(Ba) and comparison with the corresponding
interface of actin with gelsolin segment 1 (Bb,
from McLaughlin et al. [1993]) and vitamin
D binding protein (Bc, from Otterbein et al.
[2002]). In this contact, ciboulot residues L11,
V14, L18, Q21, L22, and F25 interact with resi-
dues Y143, T148, I345, L346, L349, F352, and
M355 of actin. Hydrogen bonds are also
formed between N17 of ciboulot and T351 of
actin, K19 of ciboulot and E167 of actin (data
not shown).
(C) Detail of the interaction of the actin bind-
ing -thymosin motif (residues 25–34 of D1)
with actin. Hydrophobic interactions are
formed between Q27 of ciboulot and I341,
A144, and E344 of actin and between A33
of ciboulot and A26, D24, and D25 of actin.
Hydrogen bonds exist between K31 of cibou-
lot and D25 of actin. The lateral chain of L30
lies in sandwich between the  helix S338–
S348 and the loop F21–A29 of actin and con-
tacts G23, D24D25, and E344. S34 does not
interact with any residue of actin.
(D) Structural evidence for the specific recog-
nition of the ATP bound form of actin (closed
structure) by ciboulot. The switch from the
ATP bound (red) to the ADP bound (green)
form causes a shear motion in which the 
helix S350–M355 of actin sterically interferes
(arrow) with binding of the N-terminal  helix
of ciboulot.
orchestrate the functional switch from inhibition to pro- tion is not sufficient to determine the actin binding prop-
erty of a WH2 domain, because WH2 domains actuallymotion of actin assembly. A model for -thymosin-actin
comprise three regions that play different roles in bind-complex is proposed. We now understand how WH2
ing to actin and in actin assembly.domains make use of domain motions of actin linked to
Among the three -thymosin repeats of ciboulot, onlyATP hydrolysis to regulate actin assembly and motility.
the first (D1) binds G actin with the same affinity asIt is possible to predict whether a WH2 domain acts as
ciboulot, whereas the second (D2) and third (D3) repeats,a G actin-sequestering or as an assembly-promoting
which do contain the consensus actin binding motif, dofactor by examining defined sequence elements.
not bind actin. D1 can replace ciboulot in actin assembly
and in motility-related processes. The immobilization of
Definition of the Structure/Function actin bound D1 up to residue 54 validates the chosen
of a -Thymosin/WH2 Domain sequence definition of the three domains. The paradox
The WH2 domain was initially defined as a small 35 that D2 and D3 do not bind actin appears resolved by
residue G actin binding domain by sequence alignment the crystal structure of actin-ciboulot and NMR data.
with the consensus actin binding motif found in several Indeed, it is the N-terminal  helix of domain D1, which
regulators of actin dynamics such as -thymosins and is absent in D2, D3, and the second domain of actobin-
-thymosin-repeat proteins as well as other less well- din, that is responsible for the strength of the interaction
with actin, whereas the central consensus actin bindingcharacterized proteins. Our work shows that this defini-
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Figure 4. NMR HSQC Spectra Analysis of [U-15N]-D1 and [U-15N]-(T4)m5 Bound to Actin at 25C and Evidence for a Difference in Dynamics
of Actin Bound D1 and T4
(A) Superimposed (1H-15N)-HSQC spectra (600 MHz) of the D1 domain of ciboulotfree in solution (red) and bound to actin-MgATP (blue) at 25C.
The large shift experienced by the (1HN, 15N) resonances of G24, recognizable by its typical 15N chemical shift, is indicated by a dashed black
arrow. Spectra were identical with actin-MgATP and -CaATP.
(B) Superimposed (1H-15N)-HSQC spectra (600 MHz) of T4 wild-type (blue) and T4 m5 (red) bound to actin-MgATP at 25C. Resonances
corresponding to free m5 (in excess over actin) are identified by an asterisk. The backbone amide resonances of residues of T4 bound to
actin-MgATP that are located in the central segment containing the four mutations (L17–A40) have been assigned as indicated. Arrows point
to new nonassigned resonances that appear in actin bound m5. The resonance assigned to G41 remains unchanged, indicating that the
extreme C-terminal segment G41–S43 of actin bound m5 remains immobilized in the same configuration as in actin bound T4.
(C) Superimposed (1H-15N)-HSQC spectra of D1 bound to actin-MgATP at 25C (blue) and 35C (red). Arrows point to resonances that disappear
upon increasing temperature. Peaks of actin bound D1 that disappear or are strongly attenuated upon increasing the temperature are marked
with black arrows. About 16 peaks characteristic of the bound state are not significantly affected upon increasing the temperature. No extra
peaks corresponding to free D1 appear at high temperature, which testifies that residues affected by the increase of temperature are not
completely released from actin but rather undergo chemical exchange between different conformations.
(D) Superimposed (1H-15N)-HSQC spectra of T4 bound to actin-MgATP at 25C (blue) and 35C (red).
motif interacts more weakly with actin, as proposed (Van preventing association of all actin-WH2 complexes with
filament pointed ends.Troys et al., 1996; Simenel et al., 2000; Eadie et al., 2000).
This  helix binds to the barbed face of G actin, thus In spite of their more modest contribution to the over-
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all strength of binding to actin, the central and C-terminal the actin-T4 complex, this region is folded in a  helix
regions of the WH2 domain do play a crucial role in (Domanski et al., 2004), and K38 has been crosslinked
determining their function. The insensitivity of the NMR to Q41 in subdomain 2 (De la Cruz et al., 2000). Therefore,
spectra of actin-T4 to temperature shows that single in the model for actin-T4, the C-terminal  helix, includ-
motif -thymosins are G actin sequesterers, because ing residues E35 and Q36, caps the pointed face of G
their central and C-terminal regions are tightly immobi- actin. Within this model, replacement (T20 and E21) of
lized on actin and cap the pointed face of G actin, pre- the central region of T4 by uncharged or nonpolar resi-
venting its association with a barbed end. The different dues (A and S) of D1 (mutant m5) has a destabilizing
temperature dependence of the resonances of actin-D1 effect. This effect is greater in D1 where uncharged N32
C-terminal residues and the change in function induced replaces K19. Similarly, mutation (E35 and Q36) into
by specific sequence modifications in the central and neutral and hydrophobic residues of D1 weakens the
C-terminal regions of T4 indicate that a slight weaken- interaction of the C-terminal region of T4 with actin.
ing of the interaction of these regions with actin is suffi- These effects combine to facilitate dissociation of the
cient to convert a G actin sequestering protein into a C-terminal region, observed at 308K, thus generating a
protein that can no longer cap the pointed face of G switch from actin sequestration to assembly promotion
actin. Thus, appropriate mutation of T4 generates a (Figure 5C).
protein that has the opposite function: its complex with
actin actively participates in barbed end assembly and
supports actin-based motile processes. Structural Role of ATP Hydrolysis in the
Remarkably, single-motif -thymosins are present Regulation of -Thymosin/WH2 Function
early in metazoa, and all sequester G actin. Evolution Hydrolysis of ATP linked to actin polymerization plays
of the function of the WH2 domain toward the actin a major role in the biological function of actin. It affects
assembly-promoting function has occurred only in the the thermodynamic and mechanical parameters of the
-thymosin repeat proteins, probably due to the en- filament (Korn et al., 1987; Galkin et al., 2003; Isambert
hanced permissivity for functional evolution provided et al., 1995), it is at the origin of treadmilling, which
by the repeated unstructured motifs (Tompa, 2003). The drives motility (Pantaloni et al. 2001), and it regulates
new function of the D1 domain, as well as the loss of filament branching by Arp2/3 complex (Le Clainche et
function of D2 and D3 domains, emerged in this context.
al., 2003). Domain motions are coupled to ATP hydroly-
sis on actin (Tirion and ben-Avraham, 1993; Page et al.,
A Model of Actin-T4 and Other Actin-WH2 1998; Belmont et al., 1999; Galkin et al., 2002; Sablin et
Complexes: Structural Basis al., 2002). Upon hydrolysis of ATP, the opening of the
for the Switch in Function nucleotide binding cleft is accompanied by the rotation
Although no crystal structure is available for actin-T4, of the two major domains around the shear zone be-
we propose a model from the present work (Figure 5A). tween subdomains 1 and 3 at the barbed end of actin
In the N-terminal region of bound T4 (residues 1–23, (Sablin et al., 2002). We propose that this shear motion
corresponding to residues 14–36 of ciboulot), the model
is used by the -thymosin/WH2 domain to drive the
is to atomic resolution, based on the crystal structure
expulsion of the amphipathic N-terminal  helix of D1
of the actin-ciboulot complex and on the alignment of
from its binding site following association of actin-
D1 and T4 sequences, which show 54% similarity. The
ciboulot complex to a filament barbed end, as ATP ismodel has broader relevance regarding the structure of
hydrolyzed in this process. Since the  helix contributesother actin-WH2 complexes. It has three main features.
much more in the binding strength of D1 to actin thanFirst, residues 4–12 of T4 fold into an amphipathic
the central and C-terminal regions, ciboulot is releasedtwo-turn  helix that partially replaces the N-terminal
from the terminal F actin subunit, making an unligandedthree-turn  helix of D1. The hydrophobic patch of actin
barbed end available for further elongation (Figure 5C).in the shear zone interacts with corresponding hy-
Consistent with this mechanism, assembly promotiondrophobic residues M6, I9, and F12 of T4 (Figure 5B).
by ciboulot is not observed under conditions in whichAs predicted by Van Troys et al. (1996), the charged
ATP hydrolysis is not coupled to polymerization (Hertzogresidues in the N-terminal helix of T4 help establish
et al., 2002).the -helical structure of the polypeptide chain. The
Actin is stabilized in the closed ATP bound structurebackbone of K3 of T4, corresponding to K16 of D1, is
by a number of factors (Kabsch et al., 1990; McLaughlin10 A˚ away from the backbone of E167 of actin, consis-
et al., 1993; Otterbein et al., 2001, 2002). Profilin bindstent with the K3-E167 crosslink (Safer et al., 1997). Sec-
actin both in the closed (Schutt et al., 1993) and openond, the central actin binding motif 16KLKKTETQEK25
(Chik et al., 1996) structures. Our data provide supportof T4 (29KLKNASTQEK38 of ciboulot) is bound in an
to the relevance of differences between the ATP boundextended configuration as proposed by Safer et al.
“closed” and the ADP bound “open” structures of actin,(1997) and demonstrated by Domanski et al. (2004). This
as the shear zone acts as a sensor enabling allmotif contacts  helix S338–S348 and loop F21–A29 of
-thymosin/WH2 family proteins to selectively bind ac-actin and is located at the electronegative patch of actin
tin-ATP. By contrast, ADF/cofilins bind preferentiallyin subdomain 1 (Figure 5B). The extension of the seg-
ADP bound actin (Carlier et al., 1999). The shear zonement G1 of gelsolin into segment G2 also binds to this
is exposed to an actin binding amphipathic helix of ADFpatch on actin (Irobi et al., 2003). Third, the C-terminal
(Hatanaka et al., 1996; Wriggers et al., 1998; Galkin etregion of D1 that corresponds to residues 35–40 of T4
is not defined in the crystal structure of the complex. In al., 2001, 2003).
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Figure 5. Model of Actin-T4 Complex: Im-
plication in the Switch from a Sequestering
Function to an Assembly-Promoting Function
(A) Ribbon diagram representation of the
model of actin-T4 complex.
(B) Detail of the interaction of T4 with actin.
(Left) Interaction of the T4 N-terminal  helix
P4–F12 with the shear zone of actin-ATP. M6,
I9, and F12 interact with the hydrophobic
patch of actin described in Figure 3B. (Right)
Interaction of the consensus actin binding
motif 17LKKTET22 with loop F21–A29 of actin.
K18 and K19 display electrostatic interac-
tions with D24 and D25, T20 makes hydrogen
bonds with D24, D25, and A26 of actin. Elec-
trostatic interactions are present between
E21 and R28 of actin.
(C) Structural basis for the switch from actin-
sequestering to actin assembly-promoting
function. Wild-type T4 (green) or mutated
(m5) T4 (blue) bind identically to actin. The
C-terminal region of m5 is in dynamic associ-
ation/dissociation with actin (double curved
arrow). Motions unmask subdomain 2 of ac-
tin, allowing association of one configuration
of the actin-m5 complex to a barbed end.
Following ATP hydrolysis on the F-actin-m5
subunit, motion of the shear zone promotes
dissociation of the N-terminal  helix of m5
from actin.
Sequence Analysis of Different WH2 Domains  helix and that residues of WH2 (V, L, or A) that corre-
spond to M6, I9, and F12 of T4 interact with the hy-Allows Prediction of Their Function
The function of the -thymosin/WH2 domain, which is drophobic patch of actin in the shear zone. In support
of this proposal, the WH2 domain of N-WASP binds Gpresent in a growing number of modular proteins (Pau-
nola et al., 2002), can be predicted by examining resi- actin in competition with T4, ciboulot, or D1 (M.H.,
unpublished data). Sequence alignments (Figure 6B)dues homologous to T20–E21 and E35–Q36 in T4,
which determine the function of these domains. A survey show that a G actin-sequestering activity is predicted
when a threonine residue at the position correspondingof functionally characterized WH2 domains in human
N-WASP, human WIP, Acanthamoeba actobindin, S. to T20 of T4 coexists with nonhydrophobic residues
at positions corresponding to E35 and Q36 of T4, whilecerevisiae srv2, Drosophila ActUp, and mouse MIM
(Figure 6) supports this view. assembly-promoting activity correlates with V or A at
the position of T20 and nonpolar residues at positionsHelical wheel diagrams (Figure 6A) of the N-terminal
region of WH2 domains lead to the proposal that, upon of E35 and Q36. Functional analysis agrees with the
predicted behavior.binding to actin, this region folds into an amphipathic
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Figure 6. Structural and Functional Features of Different Actin Binding WH2 Domains
(A) Helical wheel representation of the amphipathic N-terminal  helix of WH2 domains. Hydrophobic residues are in red.
(B) Sequence alignment of the extended -thymosin motif. Residues homologs of T20, E21, E35 and Q36 of -thymosin are highlighted in
green if a sequestering function (S) is predicted and in red if an assembly-promoting function (A) is predicted.
alanine and serine (positions 20 and 21 of the wild-type thymosinThe recognition of the shear zone of actin by an amphi-
4), oligonucleotides 5-cgaagttgaagaaggcagcaacacaagag-3 and 5-pathic  helix may have a general significance beyond
ctcttgtgttgctgccttcttcaacttcgac-3were used. To change glutamateactin in the family of actin-related proteins. Binding of
and glutamine residues into alanines (positions 35 and 36 of the
WASP to Arp2/3 involves an amphipathic  helix (Pan- wild-type thymosin 4), oligonucleotides 5-gccttcaaaagaaacaattg
chal et al., 2003) and correlates with tighter binding of cagcagagaagcaagctggcg-3 and 5-cgccggcttgcttctctctgctgcaattg
tttcttttgaaggc-3 were used. The sequences of all plasmids wereATP to Arp2 (Le Clainche et al., 2001). As observed with
checked. Isotopic 15N or 13C labeling of the peptides was performedWH2 domains and actin, the WASP amphipathic  helix
by growing the bacterial strains in a modified minimal medium con-may stabilize the ATP bound form of Arp2 by binding
taining 15NH4Cl.to its shear zone.
Experimental Procedures Actin Polymerization Measurements
Steady-state measurements of F actin were derived from fluores-
cence measurements of pyrenyl-labeled actin. Actin (10% pyrenylProteins
Actin was purified and pyrenyl or NBD labeled, and recombinant labeled) was polymerized under physiological ionic conditions (0.1
M KCl, 1 mM MgCl2) in the absence or presence of gelsolin (at 1:300ciboulot protein was purified (Boquet et al., 2000). Domains of cibou-
lot were cloned and expressed as follows. The cib D1 (M1–E59), D2 molar ratio to actin) and in the presence or absence of domains of
ciboulot or T4 mutants. The value of the equilibrium dissociation(G60–A97), and D3 (G98–A130) domains were amplified by PCR
using nucleotides carrying adaptators including either NcoI or Hind- constant KC for the complex between actin and the peptides was
derived from fluorescence measurements of the amount of unas-III cutting sites. These domains were cloned in pGEM-T Easy (Pro-
mega) as an intermediate step. They were then cloned in fusion sembled actin at steady state after 18 hr incubation at 4C (Hertzog
et al., 2002).with GST in NcoI-Hind III sites of the expression vector pGEX-2T*
(Pharmacia). The sequence of all PCR-amplified fragments was Initial rates of filament growth from the barbed or the pointed
ends were measured spectrofluorimetrically using either spectrin-checked following cloning.
Recombinant T4 and mutants cloned in the expression vector actin seeds for barbed end growth or gelsolin-actin seeds for
pointed end growth (Hertzog et al., 2002).pET3d were expressed in E. coli BL21 strain and purified (Carlier et
al., 1993). Mutations were introduced in wild-type T4 using an The rate constant for association of the actin-D1 or mutated actin-
T4 complexes to barbed ends (k) was derived from measure-ExSiteTM PCR-based kit (Stratagene). To change a threonine resi-
due into an alanine (position 20 of the wild-type thymosin 4), oligo- ments of the rate of growth at different concentrations of G actin
in the presence of saturating amounts (100 M, typically) of D1 ornucleotides 5-cgaagttgaagaaggcagaaacacaagag-3 and 5-ctcttg
tgtttctgccttcttcaacttcgac-3were used (bold characters indicate the mutated T4. The rate increased linearly with total G actin concen-
tration. The value of k was derived from the slope, and the valuepoint mutation). To change threonine and glutamate residues into
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of the critical concentration for barbed end assembly from actin-D1 MHz spectrometers equipped with 5 mm triple resonance gradient
cryoprobes. Assignment of 1H, 15N, and 13C resonances of D1 freeor actin-T4 mutant was given by the abscissa intercept (Gutsche-
Perelroizen et al., 1999). in solution was obtained using standard procedures, from 2D-(1H,
1H)-NOESY and TOCSY, 3D (1H, 15N)NOESY-HSQC and 3D (1H,
15N)TOCSY-HSQC, and HNCA, HN(CO)CA, HNCO, HN(CA)CO,Nucleotide Exchange on G Actin
CBCANH, and CBCA(CO)NH experiments.Nucleotide exchange on monomeric actin was monitored using the
5-fold increase in fluorescence of 	-ATP upon binding to G actin.
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